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Abstract 
The upgrade of state of the art p-type silicon solar cell production lines to passivated rear side technology (PERC) will be one of 
the major trends in the next years and new production processes for further cost reduction will continuously gain relevance. In 
2007, we have introduced the laser based foil metallization technology “FolMet”: the rear electrode of p-type PERC devices as 
well as the local contact is fabricated by attaching conventional aluminum foil during the so-called laser fired contact process to 
the silicon wafer. This process features improved internal optical properties, a huge cost saving potential and a simplified cell 
production process. In this publication we focus on the acceleration of the laser process, which is together with module assembly 
issues a remaining challenge towards industrialization. We carried out comprehensive simulations, to better understand the 
correlation between different laser parameters on melting- and evaporation depth of the 8 μm thin aluminum foil. We determined 
lower limits for crucial laser pulse parameters to successfully attach the foil onto the substrate and validated these parameters 
experimentally. According to these results, we set up a system based on a pulsed high power laser featuring repetition 
rates Frep  2 MHz with an unique ultrafast polygon scanning system, allowing for scan-speeds vscan  1000 m/s. Thereby, we 
demonstrate processing times tpro < 0.8 s for industrial wafer, which corresponds to a reduction in laser process time by the factor 
of 20 compared to state of the art laser scanning technology.  
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1. Introduction 
The upgrade of state of the art p-type silicon solar cell production lines to passivated rear side technology (PERC) 
[1] will be one of the major trends in the next years [2] and new production processes for further cost reduction will 
continuously gain relevance. In 2007, we have introduced the laser based foil metallization technology “FolMet”: the 
rear electrode of p-type PERC devices as well as the local contact is fabricated by attaching conventional aluminum 
foil during the so-called laser fired contact process [3] to the silicon wafer [4]. This process features improved 
internal optical properties [5], a huge cost saving potential [6] and a simplified cell production process [7]. The 
current “FolMet” laser process usually consists of multiple passes, which leads to an overall laser process time per 
industrial-sized cell tpro ~ 15 s/cell using conventional scanning technologies based on galvanometer driven mirrors 
with a maximum scanning speed vscan  20 ms-1. In this publication we focus on the acceleration of the laser process. 
The objective is to establish a single pass process using a simulation based on finite differences and validate the 
simulated results experimentally. Afterwards we transfer this process to a laser system, composed of a laser and 
scanning equipment, which is capable to allow a laser process time tpro  1 s. 
2. Simulation of the effect of different laser parameters 
2.1. Model of contact formation 
Based on our past experience concerning the laser based foil metallization process we postulate a model of 
contact formation. The fundamentals of our model are: 
x Complete penetration of the foil with molten aluminum 
x Sufficient contact of molten foil with underlying wafer based on the recoil of the plasma plume 
The melt front has to penetrate the foil entirely and reaches the solar cell surface, as can be exemplarily seen from 
Figure 1 (a). The second constraint for our model is that the melt has to wet the underlying silicon wafer, which is 
coated with a dielectric passivation layer, sufficiently in order to allow for heat transfer and melting the silicon 
surface. Especially for small melt pools and without any additional forces induced by the laser process, the foil will 
solidify after laser irradiation without any noticeable forward transfer, due to the negligible gravity forces compared 
to the high surface tension of liquid aluminum [8]. Therefore wetting is only feasible by a sufficient recoil pressure 
of the expanding plasma plume induced by the evaporation of the material to push the molten aluminum downwards 
as shown in Figure 1 (b). Accordingly, in the best case the highest recoil and the moment of the melting penetration 
have to take place at exactly the same time, which is not inevitably given for short pulse durations. 
 
Figure 1: Model shown at schematic cross sections of a solar cell rear side during the laser contacting process; (a) Penetration depth of the 
melting front (green) through the solid aluminum foil (blue) with a total thickness of 8 μm; (b) Plasma plume (cyan) of the evaporated material 
leads to a recoil downwards to close the air gap between foil and solar cell (grey) under irradiated area. 
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2.2. Simulation 
To attain a deeper understanding of the single laser pulse contact formation process using an 8 μm thin aluminum 
foil and to validate our model we carried out comprehensive simulations, varying the pulse duration Ĳ and the pulse 
energy Ep. The finite differences method was used to achieve a time-resolved solution of energy flows, considering 
latent heats, loss of material by evaporation, loss of energy by heat conduction and irradiation to the environment 
[9]. The simulation does not consider fluid dynamic of the molten aluminum and ejected molten bath. The influence 
of pulse energy Ep1 < Ep2 < Ep3, as well as four different pulse durations Ĳ1 < Ĳ2 < Ĳ3 < Ĳ4 on the melting and 
evaporation characteristic of the foil is studied. Further the constant laser beam properties for the simulation are a 
spatial Gaussian beam profile with a radius Ȧ0 = 17.5 μm and a wavelength Ȝ = 1070 nm.  
2.3. Simulation results 
Figure 2 shows the simulation results, consisting of a temperature distribution (top) and a phase map (bottom), 
for all pulse durations and energies. To fulfill the first requisite – melting the whole aluminum foil – we have to  
 
Figure 2: Influence of three different pulse energies (Ep1 < Ep2 < Ep3) at various pulse durations (Ĳ1 < Ĳ2 < Ĳ3 < Ĳ4) on the maximum temperature 
distribution (top) within the aluminum foil and the corresponding phase (bottom) 
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examine the phase map and the depth of the melting (green) in Figure 2 (bottom). As can be seen for constant pulse 
energy, increasing pulse duration leads to deeper melting. For pulse energy Ep1 (Figure 2 left column), this condition 
is met only for the longest pulse duration Ĳ4. For medium pulse energy Ep2 (Figure 2 middle column) already a 
reduced pulse duration Ĳ3 is sufficient to fully melt the aluminum foil. Evaporation of the aluminum dominates the 
process with the highest pulse energy Ep3 for all pulse durations. Therefore the foil is completely perforated and no 
melting remains in the middle of the contact, thus the first constraint is unfulfilled. To meet the second condition, 
adequate evaporation and the formation of a plasma plume is necessary. It was found out that significant evaporation 
starts from peak intensities I0 > 4.3×108 Wcm-1, which can be achieved for sufficient pulse duration by increasing 
the pulse energy (Figure 2 middle column). Nevertheless it already turned out that at pulse duration Ĳ3, the smaller 
amount of liquid phase and the strongest evaporation occur before the melt is completely penetrating the foil, 
resulting in a less stable process.  
3. Experimental validation of simulated results 
To experimentally validate the simulated results, we used a q-switched Jenlas IR70E laser system from Jenoptik 
GmbH, which is capable to vary the pulse duration over a wide range in the nanosecond scope with maximum pulse 
energies Ep  6.5 mJ and a repetition rate 10 kHz < Frep <300 kHz. The applied laser system has a different 
wavelength Ȝ = 1030 nm compared to the simulation Ȝ = 1070 nm. But the measured reflectance R of the aluminum 
foil in the infrared range demonstrates that the difference between the experimental and simulated laser wavelength 
has a very low influence on the reflectivity of solid aluminum (RȜ = 1030nm = 93.3% and RȜ = 1070nm = 94.1%) and is 
therefore negligible. The beam radius of the optical setup with the IR70E laser system is Ȧ0 = 16.8 μm and hence 
comparable to the simulation. The validation was performed on not metallized p-type solar cell precursors with 
textured rear side; aluminum oxide passivation and nitride capping layer on top. 
 
Figure 3: Microscope images of laser fired contacts with constant pulse duration Ĳ3 and increasing pulse energy Ep from left to right image; (a) 
Category I (Cat I) contact with solidified molten aluminum or only perforated foil, without any contact to solar cell; (b) Category II (Cat II) 
contact with electrical and mechanical contact to solar cell; (c) Category III (Cat III) contact with spalled aluminum foil and therefore a broad gap 
between foil and solar cell which isolates the inner contact from the surrounding aluminum foil. 
According to the simulation for single laser pulses, we varied the pulse duration Ĳ and pulse energy Ep. The 
created contacts through the aluminum foil were examined optically with a confocal microscope and categorized into 
three classes, concerning their visual appearance. For the classification no other contact properties like foil adhesion 
or induced laser damage were measured in this experiment, but empirical values concerning the electrical resistance 
or the foil adhesion for specified contact shapes were taken into account, e.g., a broad not metallized gap between 
silicon and aluminum foil leads to a very high series resistance as previous experiments with special resistance 
samples [10] has proven. Contacts of the first category (Cat I) show only solidified molten aluminum or a perforated 
foil without any mechanical or electrical contact to the solar cell beneath as shown in Figure 3 (a). Due to short pulse 
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durations or low pulse energies the melting front has not reached the rear side of the aluminum foil or the recoil is 
not high enough to wet the cells’ surface sufficiently. The second category (Cat II) as can be seen in Figure 3 (b) 
generates an electrical contact to the silicon wafer. In the middle of the contact the solidified silicon (grey) and the 
formation of a direct connection between silicon and surrounding aluminum can be observed. A spalled foil (see 
Figure 3 (c)), because of excessive pulse energy, is dominating the third and last category (Cat III). That leads to a 
broad gap resulting in high electrical transfer resistance between solar cell and aluminum foil. The lower and upper 
limits for successfully contacting the solar cell are defined by the transitions among these categories. 
 
Figure 4: Experimental validation of the simulated prediction dependent on pulse duration and pulse energy in arbitrary units. The error bars for 
the pulse energy represent the used Ep increment. The transitions between the different categories - molten foil (Cat I), contact (Cat II) and 
chipped foil (Cat III) - are highlighted with dashed lines as guidance for the eyes. The parameter sets for the simulation are indicated by red star-
symbols and the affiliation according to the labelling on the upper and right axis. 
The results of the experimental determination of the upper and lower limits for a contact formation with the 
IR70E laser as well as the comparison with the simulation results are shown in Figure 4. The experimental approach 
to determine the transition of the different contact types as a function of Ĳ and Ep is based on a wide variation of 
these 2 parameters. Pulse energy and pulse duration, either in arbitrary units, are varied in the range 0.04  Ep  0.87 
with an increment ǻEp = 0.04 and 1.3  Ĳ  7.0. We observe an increase in pulse energy with lower pulse durations 
to obtain a Cat II contact, as expected from the simulation. At minimum pulse duration barely above Ĳ1 we recognize 
a direct transition from Cat I to Cat II, which marks the lowest usable pulse duration for the contact creation, due to a 
reduction of the melting pool depth. The behavior of the direct transition curve from Cat I to Cat III contacts for 
lower pulse durations has not been investigated. Furthermore longer pulses point to deeper melting depths at equal 
pulse energies and therefore to a more stable contacting process, as seen in the increasing energy range for Cat II 
contacts. All pulse widths in combination with the highest energy Ep3 created Cat III contacts, which is in good 
accordance to the simulation, where no melting is left in the middle of the contact as a result of the high amount of 
evaporated aluminum. Conclusive the simulation predicted process parameter sets (Ĳ3 with Ep2, Ĳ4 with Ep1) were 
verified experimentally, since all of them are part of Category II. Overall the experiment and the simulation together 
with our model of the contact formation show high accordance. We successfully optimized the “FolMet” process 
establishing a single pass procedure, which decreases the laser process time by a factor of three. For our further 
experiments with a unique polygon scanning device and a high repetition laser, to accelerate the process onward, we 
used the shorter pulse duration Ĳ3 with pulse energy Ep2. 
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4. Polygon scanning 
Beside the laser process optimization to a single pass, we identified an optical system composed of a fast 
scanning solution and a laser with high repetition rate Frep, which is capable to emit pulse durations and energies as 
previously confirmed experimentally. State of the art scanning technologies are working with galvanometer driven 
mirrors with scanning speed limited at vscan = 20 ms-1. The two dimensional polygon scanner (see Figure 5 (a)) 
developed by the Laser Institute of the university of applied science Mittweida enables scanning speeds of 
vscan = 10 – 1000 ms-1 [11]. This speed is achieved at a high precision of 10 μm in a maximum scan field of 
350×350 mm2 and at a free aperture of 30 mm. The optical system has a focal length f = 480 mm enabling focus 
diameter down to 35 μm. The slow axis is deflected by a galvo driven mirror, allowing for a complete resting wafer 
during the laser application (see Figure 5 (b)). The scanning system was used together with a pulsed fiber laser with 
pulse parameters according to the simulation and a repetition rate Frep  2 MHz. 
 
Figure 5: (a) The novel 2D - polygon scanning device. The exchangeable f-theta optic allows the adaption of the spot diameter and scan-field size 
to the process. (b) The “FolMet” laser process at a scanning speed of 250 ms-1 for the fast (polygon driven) axis. The slow axis is driven by a 
conventional galvanometer. The reason for the cut off laser lines on the silicon wafer is a rolling shutter of the video camera. 
Due to the comparative long pulse duration Ĳ3, the high scanning velocity causes spatial elongated contacts which 
induced us to limit the scanning speed to 250 ms-1 leading to a processing time of tpro ~ 0.8 s per wafer – a factor of 
20 lower compared to the multiple pass “FolMet” process with state of the art scanning technology. The simulation 
implies that with minor changes in the scanner configuration and a laser system which can emit shorter pulse 
durations with higher pulse energy the processing time can be further decreased to tpro  0.3s/wafer. 
5. Conclusion and Outlook 
Using the finite differences method in combination with our model of the contact creation, it was possible to set 
parameters, for a single pass process. Afterwards the prediction was verified experimentally. Our simulation and 
experimental results showed high accordance. As a result we acquired a deeper understanding of the contact 
formation process, especially for single pass processes, that permitted us to establish a single pass contacting 
process, resulting in a reduced laser process time by a factor of three. Subsequently we transferred this process to a 
fast polygon scanning device and a laser system with a high repetition rate, enabling laser process time 
tpro ~ 0.8 s / wafer, which corresponds to an overall reduction by a factor of 20 compared to the state of the art 
“FolMet” process. Using an optimized laser system with shorter pulse duration Ĳ < Ĳ3 a further decrease in process 
time to less than 0.3 s/wafer is possible. Previously published efficiencies of Ș  21.3% on industrial sized solar 
cells with plated front side metallization without busbars, aluminum oxide rear side passivation and foil based rear 
side electrode [7] feature such Cat II contacts and demonstrate their high efficiency potential. 
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